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Microstructural  Processes  of  Deformation  in  Metastable  FCC  Solid  Soluti ons 

An  apparatus  has  been  designed  and  constructed  to  permit  detailed  investigations 
to  be  made  of  the  microstructural  asnects  of  deformation  in  metals  and  alloys  at 
elevated  temperatures.  It  is  also  nosalble  to  emnloy  this  apnaratus  for  the  study 
of  the  combined  effect  of  strain  and  temper8'*'ure  on  phase  transformations. 

Variations  in  the  temperature,  load  and  strain  conditions  can  be  correlated  on  a 
time  basis  with  the  resolvable  microstructural  chanjtes  that  accompany  deformation. 

In  addition  to  these  data  it  is  nossible  to  record  armllfied  traces  of  the  load 
transients  which  in  turn  can  be  related  to  the  mechanisms  of  plastic  deformation. 

The  entire  gauge  section  (1.5  in  x  0.375  in.)  of  a  flat  tensile  specimen  may  be 
surveyed  and  the  microstructure  can  be  recorded  by  photomicrography  or  by  micro- 
cinematography.  Ambient  atmospheres  of  vacuum,  argon,  or  helium  may  be  inter¬ 
changed  at  any  time  during  an  experiment.  Jaw  separation  rates,  selectable 
-3  -6 

between  lO”  and  10*  inches  per  second  are  available  and  are  independent  of  the 
load  variations.  The  maxlnoun  operating  temperature  is  1500°C,  and  the  maximum 
load  capability  is  3000  pounds  in  tension. 

The  above  apparatus  has  been  used  in  a  study  of  the  strain-induced  (FCC)  -► 

(HCP)  phase  transformation  in  Cu-Oe  and  Tu-Fl  alloys.  The  morhology  of  the  HOP 
martensitic  product  and  the  effect  of  the  RCP  Phase  on  the  suhseouent  deformation 
characteristics  of  these  alloys  have  been  determined  as  a  function  of  temperature. 
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Strain  Induced  Kappa  phase  foTmation  has  heen  Identified  as  the  initial  deformation 
process  that  occurs  in  a  randomly-oriented  polycrystalline  Cu-Sl  alloy.  The 
conditions  for  Its  development  within  a  nartlcular  grain  have  been  determined. 

The  unusually  low  yield  strength  observed  in  Cu-Sl  alloys  is  attributed  to  the  low 
stress  level  required  for  nhase  formation.  The  strain  energy  required  to 
initiate  the  strain-induced  transformation  Increases  with  temperature  ur  to  300°C 
and  above  this  temperature  the  strain  energy  requirement  rsnidly  diminishes  due 
to  the  thermal  activation.  A  dislocation  mechanism  has  been  proposed  to  exnlaln 
the  growth  of  platelets  to  microscopically  observable  thlcVness  ,  and  this  model 
is  in  agreement  with  the  observed  strain  energy  requirement.  The  high  strain 
hardening  rate  of  the  metastable  alpha  phase  in  Cu-Si  alloys  hss  been  identified 
with  the  slip  barriers  established  by  the  hexagonal  close  nacKed  plates  that  form 
during  the  early  stages  of  deformation.  It  has  also  been  established  that  the 
strain  Induced  transformation  In  metastable  Cu-Ge  alloys  occurs  in  a  similar 
manner. 

The  kinetics  of  the  thermally  activated  FCC  HCP  reaction  in  Cu-Pi  and 
Cu-Ge  alloys  have  been  studied  together  with  the  morphology  and  the  distribution 
of  the  hexagonal  nhase.  "^.is  diffusion  controlled  transformation  exhibits 
nucleatlon  and  growth  kinetics  and  the  HCP  nhase  is  nucleated  nrimarlly  from 
stacking  faults  that  originate  at  the  grain  boundaries  and  at  the  incoherent 
twin  boundaries. 

A  study  has  been  made  of  the  relationship  between  the  measured  specimen 
strain  and  the  electrical  resistivity  of  Cu-Si  alloys  for  strain  levels  below 
0.3".  The  experiments  were  designed  to  provide  a  quantitative  description  of  the 
conditions  that  correspond  to  the  initiation  of  nlastic  flow  from  which  a 
detailed  model  of  the  early  stages  of  the  strain  induced  nhase  transformation  has 
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been  developed.  The  electrical  resistivity  decreases  slightly  durinp  the 
initial  stapes  of  loadinp  and  a  maximum  decrease  of  0.0?  -  o.nJip  ohm-cm  has 
been  observed  at  0.07  -  0.08*  strain.  A  comnarison  between  the  resistivity- 
strain  curve  and  the  stress-strain  diapram  reveals  that  the  resistivity  decrease 
occurs  entirely  within  what  is  normally  considered  to  be  the  elastic  ranpc  for 
a  metastable  Cu-Sl  solid  solution. 

A  mechanism  to  exnlaln  the  initial  resistivity  decrease  must  be  consistent 
with  two  Imnortant  experimental  observations: 

a.  the  resistivity  decrement  is  found  to  occur  durinp  the  elastic  strain  period. 

b.  the  maximum  value  of  the  resistivity  decrement  decreases  with  decreasinr 
solution  temperature. 

Frledel  has  discussed  a  model  nronosed  by  Ouzuki  for  the  stress  induced 
motion  of  a  stackinp  fault  that  is  associated  with  seprematlon  and  is  bounded  bv 
mlissile  cartial  dislocations.  Accordinp  to  this,  model  the  stackinr  fault 
decreases  by  a  fractional  amount  unon  the  initial  nrnli cation  of  -tr'-ss  as  one 
partial  dislocation  moves  toward  the  other,  which  is  stationary,  within  the  confines 
of  the  initial  fuzuki  seprepatlon.  The  anrllcation  of  increasinp  stress 
ultimately  results  in  the  escape  of  the  elissile  partials  from  the  Suzuki  serrerate. 

This  model  predicts  an  initial  decrease  In  the  resistivity  of  metals  of  low 
stackinp  fault  enerpy  (e.p.,  metastahle  Cu-Si  alloys)  durinp  straininp  due  to  the 
initial  decrease  in  the  stackinp  fault  area.  This  mechanism  also  accounts  for 
the  observation  of  this  effect  durinp  elastic  deformation  since  the  stackinp 
fault  would  return  to  its  initial  dimensions  upon  removal  of  the  applied  stress 
if  the  fault  bad  not  escaped  the  Suzuki  atomsphere. 

To  be  completely  successful  as  a  model  for  the  Initial  resistivity  decrease 

the  Friedel  model  must  also  explain  the  sensitivity  of  the  resistivity  decrease 
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to  variations  in  the  solution  temoeratture . 

The  stacking;  fault  energy  la  reduced  as  the  temperature  is  lovered  in 
systems  such  as  Cu-Sl  where  the  boundary  separating  the  FCC  and  the  two  phase 
(FCC  ♦  HCV/  regions  has  a  negative  slope,  Suzuki  segregation  to  the  stacking 
faults,  which  should  increase  in  Cu-Sl  alloys  with  decreasing  solution  temperature, 
should  therefore  lead  to  a  variation  in  the  initial  stacking  fault  size  in  the 
retained  alpha  phase  after  cooling  to  room  temperature.  The  increased  Suzuki 
segregation  at  lower  solution  temperatures  and  the  corresponding  decrease  in  the 
total  stacking  fault  energy  lead  to  an  increase  in  the  energy  required  to  close 
a  fault.  On  this  basis  it  is  predicted  that  a  decrease  in  the  resistivity 
decrement  will  occur  with  decreasing  solution  temperature  which  is  in  accordance 
with  the  behavior  observed  in  this  investigation. 

During  the  terminal  stages  of  the  contract  period  special  emphasis  was 
Placed  on  the  application  of  transmission  electron  microscopy  to  the  study  of  the 
FCC  -►  HCP  transformation.  X-ray  analysis  revealed  that  the  constitution  of  solution 
treated  and  slowly  cooled  specimens  of  Cu-11.8  wt.  *?  Ge  was  entirely  FCC. 
rreuismission  electron  microscopy  showed  thnt  the  matrix  contained  Intrinsic 
stacking  faults  and  it  was  observed  that  the  partial  dislocations  bounding  thesp 
stacking  faults  were  distributed  randomly  on  all  four  variants  of  the  {311} 
planes.  Stair-rod  dislocations  were  observed  and  the  Shockley  partial  dislocations 
were  all  of  the  type  .  The  nucleatlon  of  the  HCP  phase  occured  by  the 

propagation  of  stacking  fault  bundles  through  the  matrix  until  these  bundles 
interacted  to  form  Isolated  colonies  of  the  product  phase. 


Ootlcal  microscopy  did  not  reveal  the  presence  of  the  strain  Induced  HCP 
Phase  ip  specimens  that  vere  quenched  from  the  solution  temperature  in  iced 
brine.  The  strain  induced  phase  was  not  observed  by  selected  area  electron 
diffraction  techniques  but  it  was  observed  that  the  stacking  faults  were 
usually  more  widely  split  than  for  the  slowly  cooled  specimens.  When  the 
Quenched  specimens  were  aged  in  the  temperature  range  50-?00°C  for  times  ranging 
from  one  to  three  hours  vacancy  type  defects  were  observed  in  the  matrix, but  areas 
near  the  grain  boundaries  were  denuded  of  such  defects.  At  the  lowest  aging 
temperature  only  black  spot  defects  were  seen  but  at  higher  aging  temperatures 
Frank  loops  were  present  and  both  Isolated  and  linear  arrays  of  stacking  fault 
tetrahedra  could  be  identified. 

This  program  has  made  it  possible  to  identify  the  important  role  ass-jmed 
by  stacking  faults  in  the  FCC  -►  HCP  transformation  in  alloys  of  low  stacking 
fault  energy.  It  has  also  been  shown  that  the  solution  treatment  prior  to 
Quenching  Is  an  important  variable  influencing  both  thermally  activated  and 
strain  activated  processes.  The  results  of  this  program  contribute  to  an 
improved  understanding  of  the  fundamentals  underlying  the  thermo-mechanical 
processing  of  alloys. 

Surface  Variables  and  Their  Effect  on  Defonnation _ap^  Fracture 
1 .  Llouid-Metal  Tbibrittlement  _ln_  Mercu^-Zij»c_ Couples 

The  effectiveness  of  llnuid  mercury  as  an  embrittling  agent  when  applied  to 
zinc  monocrystals  was  assessed  on  the  basis  of  a  series  of  deformation  experiments 
that  were  carried  out  on  single  crystals  grown  in  the  shape  of  a  tensile  specimen. 
The  advantage  of  a  single  crystal  sneelmen  with  an  Isolated  gauge  length  lies  in 
the  fact  that  the  load  applied  through  the  enlarged  ends  of  the  specimen  is 
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uniform  and  symmetrical  with  resoect  to  the  gau^e  section.  A  modified  Brldpjnan 
technique  was  employed  and  the  single  crystal  tensile  specimens  were  produced 
with  a  remdom  orientation  between  the  basal  nlane  and  the  tensile  axis  by 
selecting  a  growth  rate  of  1  cm.  per  hour  and  a  temperature  gradient  of  10°C 
per  centimeter. 

It  was  found  that  liquid  mercury  does  not  affect  the  mechanical  properties 
of  zinc  monocrystals  deformed  in  tension  provided  that  they  have  been  chemically 
polished  prior  to  testing.  A  single  kink  band  artlflcally  introduced  into  a 
single  crystal  specimen  acts  as  a  barrier  to  dislocation  movement  and  is  the 
primary  cause  of  embrittlement  over  a  wide  range  of  orientations  between  the 
basal  plane  and  the  tensile  axis.  Artificially  induced  surface  twins  were  also 
observed  to  cause  the  embrittlement  of  zinc  monocrystals  in  the  presence  of 
liould  mercury. 

Chemically  polished  specimens, that  were  cold  worked  by  bending  the  gauge 
length  prior  to  tensile  deformation,  were  not  totally  embrittled  by  contact  with 
liould  mercury.  Annealing  the  cold  worked  specimens  did  not  change  their 
reaction  to  a  liould  mercury  environment:  the  zinc  single  crystals  remained  only 
slightly  embrittled,  as  indicated  by  a  small  drop  in  the  elongation  prior  to 
fracture.  An  acid  saw  cut  was  emnloyed  to  simulate  a  simple  notch  but  the 
resulting  stress  concentration  did  not  produce  extensive  embrittlement  in  the 
nresence  of  mercury. 

It  has  been  concluded  from  these  studies  that  the  introduction  of  a  kink 
band  is  essential  to  nroduce  embrittlement  in  zinc  monocrystals  exposed  to  a 
liould  mercury  environment,  "^ts  work  supports  the  conclusions  of  Kandar  and 
Westwood  regarding  the  initiation  of  fracture  in  zinc  wetted  with  liould  nercurp'. 

A  fractographlc  study  has  been  made  of  the  cleavage  surfaces  of  the  zinn 
crystals  after  fracture.  /'  rough  fracture  surface  with  .many  cleavage  stens  was 
typical  of  the  mercury  embrittled  crystals  and  demonstrated  clearly  the  reduction 


7 


In  surface  energy  that  oceured  when  mercury  was  nresent  on  the  zinc  surface. 

If  the  mercury  supply  was  depleted  before  the  fracture  process  was  completed  it 
was  observed  that,  although  the  crack  pronagation  continued,  the  fracture  surface 
exhibited  a  change  in  fracture  node.  This  effect  can  be  explained  in  terms  of 
the  Griffith  theory  of  crack  propagation. 

?.  Liquid  Metal  fhibrittlement  in  Aluminum-Gallium  Couples 

It  has  been  found  that  when  polycrystalline  aluminum  is  wetted  with 
gallium  and  the  environmental  temperature  is  varied,  the  fracture  characteristics 
exhibit  a  brittle  to  ductile  transition.  Above  the  transition  temperature  the 
elongation  at  fracture  does  not  approach  the  ductility  of  an  unwetted  alunir'jr 
specimen  of  Identical  geometry,  an  observetvon  that  has  been  attributed  to  the 
grain  boundary  nenetration  of  gallium.  As  the  strain  rate  is  increased  the 

ductile  to  brittle  transition  temnerature  is  Increased  and  the  experimental 

♦ 

results  can  be  represented  as  follows:  T  n  In  c 

c 

Fractographic  examination  of  the  specimens  that  failed  both  in  the  ductile 
and  in  the  brittle  regions  Indicated  that  the  crack  propagation  involved  the 
same  intergranular  mode  in  both  ceises. 

1.  rtrain  Distribution  at  the  Tip  of  a  Stationary  Crack 

A  new  experimental  technique  employing  a  pattern  of  microhardness  indentations 
has  been  developed  to  permit  an  accurate  measurement  of  the  plastic-strain 
distribution  at  the  root  of  a  mechanically  Introduced  notch.  The  method  allows 
measurements  to  be  made  to  within  0.001  In.  from  the  crack  tip. 

The  longitudinal  strain  distribution  was  determined  for  notched  POPli-TI 
aluminum  sdloy  specimens,  and  both  the  longitudinal  and  the  transverse  distributions 
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were  obtained  for  notched  sneclmena  of  hlgh-purity  alumlniim.  The  results  from 
the  experiments  Indicated  that  a  relationship  exists  between  the  Krain  size  and 
both  the  strain  magnitude  and  distribution.  The  specimens  having  the  largest 
grain  size  developed  the  highest  strain  gradients,  and  exhibited  the  greatest 
degree  of  symmetry  about  the  center  line.  The  symmetry  of  the  strain  distribution 
around  the  notch  Imnroved  as  the  anplled  load  anproached  that  reoulred  to 
produce  crack  propagation  whereas,  at  low  loads,  there  was  little  evidence  of 
any  symmetry. 

Effects  of  Environment  on  Surface  Pit  Formation  in  Aluminum 

Vacancy  condensation  nits  have  been  observed  on  the  surface  of  pure 
aluminum  after  thermal  cycling  under  an  argon  atomsphere.  A  holding  temperature 
of  800°C  or  above  was  reoulred.  Pits  formed  after  a  AT  of  ?5°C  to  35°P.  This 
is  at  variance  with  the  data  reported  by  Doherty  and  Davis  (1959)  for  nit 
formation  during  cycling  in  air  where  holding  temperatures  below  500°C  were 
required  for  maximum  nit  production. 

The  larger  vacancy  condensation  pits  formed  in  aluminum  by  ciucnching  under 
an  argon  atmosphere  were  incapable  of  "healing"  themselves  upon  return  to  the 
holding  temperature.  Calculations  have  shown  that  the  thin  oxide  superstrate 
formed  on  the  aluminum  under  the  test  conditions  can  collapse  into  the  pit. 
Pepeated  thermal  cycling  resulted  in  the  nucleation  of  small  vacancy  condensation 
Pits  at  the  bottom  of  many  large  unhealed  pits,  suggesting  a  relationship  with 
the  points  of  emergence  of  dislocations. 

The  experimental  work  lias  shown  that  when  oxidation  is  inhibited  by  a 
vacuum  treatment  that  results  in  thermal  etching  no  pits  are  produced  by 
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Quenching  either  in  vacuum  or  in  argon.  Since  it  has  been  shown  that  oxidation 
is  necessary  for  vacancy  condensation  nit  formation  there  is  insufficient 
evidence  to  identify  all  pits  with  dislocation  sites  as  has  been  suggested  in 
previous  studies.  Furthermore,  some  consideration  must  he  given  to  the  fact 
that  cation  diffusion  from  the  metal  surface  into  the  oxide  at  localized  sites 
will  nrovide  a  source  of  vacancies  as  well  as  an  Influence  on  nit  nucleation. 
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